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CHAPTER I
INTRODUCTION

Scope
First time slides in over-consolidated clay and clay shale have been shown to
mobilize the fully softened shear strength, which is defined as the normally consolidated,
drained peak shear strength, Skempton (1970). This shear strength is applied to
excavations and slopes in weathered, over-consolidated clays and clay shale. However,
using this peak shear strength when analyzing or designing excavations or slopes
susceptible to weathering will over estimate the shear strength available. The reason is
that weathering of clay shale causes the material to disaggregate, releasing locked in
strain energy and as a result the shale swells and loses shear strength. The result of using
the peak shear strength for these materials is that the actual factor of safety will be lower
than expected and could lead to an unsafe condition. A number of slides have occurred
on the Lewisville Dam and the Dallas Floodway levees in Texas as a result of this type of
weathering. These slides are often shallow, but larger slides have the potential to occur.
One example of a slope failure attributed to weathering is shown in Figure 1.
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Figure 1

Slope failure at Lewisville Dam

One of the objectives of this study is to review the current state of practice
regarding testing for fully softened shear strength of clay shale. Another objective is to
conduct a laboratory testing program to determine the effect of preparation technique and
water source on the fully softened shear strength of these materials. In addition, slope
stability analyses will be utilized to quantify the effect of shear strength on slope design
for these materials. An analysis will also be made using the infinite slope approach to
help understand the effect of weathering depth on slope stability in clay shale.
Approach
Conduct a literature review on the current state of practice regarding fully
softened shear strength testing. Subsequently, results of tests conducted on remolded
samples will be analyzed to better understand the effects of preparation techniques on
fully softened shear strength. Bulk samples of shale were collected from sites in the
Dallas, Texas area. Two of the bulk samples originate from the Dallas Floodway Levees
near downtown Dallas and two originate from the Lewisville Embankment Dam, which
is 23 miles northwest of Dallas. Ground water samples were collected from each site for
2

use during sample preparation. Four smaller samples were prepared from each of the
original bulk samples. Two of the four smaller samples were prepared using deionized
water and two were prepared with the site specific ground water. Subsequently, one each
of the samples prepared with deionized and site specific ground water were then
disaggregated using either a blenderizing or hand disaggregation technique. Grain size
analysis (hydrometer) was conducted on each disaggregation and water combination. The
samples were then classified according to the Unified Soil Classification System (USCS).
Specimens of the Lewisville Spillway and the Hampton Pump Station were tested at
different normal stresses to define a shear strength envelope using a direct shear box.
Specimens of the Louisville Outlet Works and E/W Tunnel sites were tested at a normal
stress of 2 ksf. The normal stress on these latter samples was held constant to capture the
effects of sample preparation and water source across all sites.
It is hypothesized that a more rigorous method of disaggregation using deionized
water will yield a lower shear strength compared to the ASTM hand method of
disaggregation using local ground water. A comparison will be made of the classification
and shear strength data.
A sensitivity analysis of the factor of safety for slope stability will be conducted
to better understand the results of the laboratory testing program. The analyses will be
made using shear strengths based on published correlations and the results of the direct
shear tests. An infinite slope analysis will be utilized to investigate how the shear
strengths obtained from this testing program would affect the slope stability based on
slope angle and depth of weathering.

3

CHAPTER II
LITERATURE REVIEW

Fully Softened Shear Strength
The fully softened shear strength of an over-consolidated clay or clay shale is
defined as the peak shear strength in the normally consolidated state (shown in Figure 1).
The displacement required to reach this shear strength is 2-3 times greater than that
necessary to reach the peak over-consolidated shear strength of an intact specimen but is
small when compared to the displacement necessary to reach the residual value,
Skempton (1970). These strength definitions are shown in Figure 2a. The shear strength
envelopes depicted in Figure 2b show that the over-consolidated material may exhibit a
curvilinear relationship between normal stress and shear strength and does have a
cohesion intercept. On the other hand, the fully softened and residual envelopes are
curved and pass through the origin.
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Figure 2

Fully Softened Peak compared to over-consolidated peak and the residual
value (Duncan, Brandon, and Vandenburg 2011).

As an approximation, the fully softened shear strength may also be considered
equal to the shear strength at the critical state, Skempton (1970). The critical state
corresponds to a state in a drained test where any further increment of shear deformation
would not result in any further change in water content. This state is reached in overconsolidated clay due to dilatancy during shear, Skempton, (1970). The fully softened
shear strength is caused by pore pressure equalization that occurs after excavation as
shown by Chandler and Skempton (1974). The reduction in shear strength to its fully
softened value is the result of an increase in water content, reflected through an increase
in void ratio. In this state the pore pressure equalizes and transitions from a negative to a
positive value. The pore pressure equalization can take years to occur, as a result of the
low permeability of stiff fissured clay and clay shale, Skempton (1977). Weathering
processes can also mobilize the fully softened shear strength as a result of desiccation
cracking and particle disaggregation. The fully softened shear strength can be considered
the lower limit of the softening process. Skempton (1964) introduced a residual factor
5

which is shown in Equation 1. This factor is a measure of the drop in strength at the time
of failure relative to the peak and residual shear strength as shown in Figure 2, Skempton
(1964),

(1)
Sf is the peak shear strength, Sr is the residual shear strength and S is the shear strength at
the time of failure. The peak and residual values can be determined from laboratory
shear strength testing. The shear strength at the time of failure must be back calculated
from field data collected at the time of failure. The residual factor quantifies the average
shear resistance across the failure surface. Skempton (1970) later revisited this equation,
stating that instead of using the residual value, the fully softened shear strength value
may be a more appropriate limiting value in first time slope failures of stiff fissured overconsolidated clays. He stated that significant field evidence, back calculations of failures,
had shown that the shear strength of excavations in brown London clay tended towards
and did not drop much below the fully softened shear strength. This led to the conclusion
that the fully softened shear strength may be an appropriate limiting strength value of
design and analysis for slopes where previous failures had not occurred.
When over-consolidated clay is subjected to desiccation from wetting and drying
cycles, desiccation cracks may form causing a near surface zone of weathering. The
extent of this weathering depends on the minerals present in the clay and on other
material properties such as shear strength and unit weight. Based on this Terzaghi (1936)
proposed the relationship in Equation 2 as a means of calculating the theoretical depth of
surface cracking.
6

∆

,

(2)

where, zo is the vertical crack depth, ∆n is the compressive strength of the clay, and s is
the unit weight of the clay. With the formation of desiccation cracks in the surface,
rainfall can accumulate in them causing the exposed material to undergo unconfined
swelling, which weakens the clay structure. With enough swelling the lubricated sides of
the cracks come into contact with each other. This causes the shear resistance to be what
it would be with laboratory testing under zero pressure, Terzaghi (1936). This weakening
causes slope failure to occur in these zones. The extent of weakening would depend on
the depth of weathering. Considering clay with a unit weight of 120 pcf and a
compressive strength of 2500 psf, the cracking could reach a depth of 21 ft.
Weathering Process
Mechanical and chemical weathering can cause an over-consolidated clay or clay
shale to have its peak shear strength reduced to the fully softened shear strength. The
weathering process in clay shale that leads to the fully softened condition consists of
three phases. Phase 1, under the weight of maximum overburden in a laterally confined
condition and long periods of time, lead the platy clay particles to reorient themselves in
the horizontal direction. This reorientation leads to fissility parallel to the bedding in clay
shale. Phase 2, the overburden is eroded and the shear strength deteriorates with time
because of erosion. In phase 3, as a result of erosion, a slope may develop that would be
unstable, Mesri and Shahien (2003).
Bjerrum (1967) also discussed the weathering process of clay shale in a paper on
progressive failure; this paper partly focused on recoverable strain energy contained in
7

clay shales. Recoverable strain energy is imparted to a clay deposit when it is under its
maximum overburden pressure. Diagenetic bonds form under this overburden pressure
over time. Under subsequent unloading as a result of erosion or excavation these
diagenetic bonds prevent the clay from swelling. Recoverable strain energy is mainly
due to particle bending when the deposit is under the maximum overburden. Once
weathering occurs the diagenetic bonds are broken, allowing for the release of the strain
energy, which leads to swelling and an increase in effective stress parallel to the ground
surface, Bjerrum (1967). There is an increase in effective stress parallel to the ground
surface due to lateral confinement of the soil mass.
There are two categories of weathering, mechanical and chemical. Mechanical
weathering is the disintegration of the clay structure by a breakdown of the bonds that
hold the structure together. Chemical weathering is when there is a decomposition of
minerals, Bjerrum (1967). Mechanical weathering happens on a much shorter time scale
compared to chemical weathering. When considering clay shale, which has strong
bonding, it is sufficient to limit the discussion to only mechanical weathering effects.
The Bowen reaction series shows that minerals with high crystallization temperature
weather chemically faster (Rahn, 1996). The series describes how the parent rock will
weather at a considerable faster rate compared to the secondary material
(montmorillonite, Kaolinite, illite, etc.) (Rahn 1996). Considering that the clay shale is a
secondary material already weathered from a parent rock, the chemical weathering rate
will have slowed to an inconsequential value compare to the mechanical weathering rate.
For example, a laboratory study on landslides in the Niigata Prefecture (Japan), which
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occur in mudstone, showed that there was little effect of chemical weathering in that
particular medium, Bhattarai et al, (2006).
Sample Preparation
The critical question facing the engineer is what sample preparation method
replicates the fully softened condition. Historically, there have been many methods
employed to prepare remolded samples of clay shale. LaGatta (1970) used a disk mill to
crush the sample into a fine powder. Townsend and Gilbert (1974) used a mortar and
pestle to disaggregate the sample. Stark (2005) used a ball mill to disaggregate samples
of clay shale. The method of disaggregation outlined in EM 1110-2-1906 consists of
shaving or shredding (for example a cheese grater works well) and mixing the sample in
a mechanical blender. Another method of disaggregation is employed in ASTM D431810 in which the material is slaked and forced through a No. 40 (425 µm) sieve. Of the
listed techniques, the issue becomes which provides a high level of disaggregation,
consistent results, and uses equipment already present in most labs? The methods
outlined in the ASTM and the EM are already used by most soil labs. As a result, these
two methods will be incorporated in the current study. Test results including consistency,
grain size, and shear strength will be compared to see which disaggregation method
provides consistent results.
The degree of disaggregation has an effect on the liquid limit and clay size
fraction. A more thoroughly disaggregated sample will yield a higher liquid limit
compared to the less disaggregated sample, LaGatta (1970), Stark et al (2005), Heley
and MacIver (1971), Townsend and Gilbert (1974). The clay fraction is also directly
impacted by the level of particle disaggregation. A higher level of disaggregation will
9

yield a higher clay fraction. When using a fully softened correlation it is recommended
that a consistent procedure for fully disaggregating samples be used, Stark et al (2005).
A smaller clay size fraction has the effect of increasing the size of the shear zone
in a failure plane. A specimen with a large clay fraction will be able to maintain a
smaller shear zone compared to a sample with a small clay fraction due to the size of the
particles present during shear induced dilation. The effect of a small clay fraction is to
increase the shear resistance compared to a specimen with a larger clay fraction. The
fully softened friction angle corresponds to the platy clay minerals interacting in a
random arrangement of edge to face interaction unlike the residual shear strength which
predominately has face to face interaction of the particles, Mesri and Shahien (2003). A
larger clay fraction, with fewer non-platy clay particles, has a better chance of orienting
the platy clay particles in a face-to-face interaction, Stark and Eid (1997). Thus,
specimen with larger clay fractions should theoretically have lower shear strength
compared to those specimen with smaller clay size fractions.
Laboratory Testing
Consequences of weathering include decreased c’ and φ’ from their peak values
to values more closely associated with those derived from tests on remolded samples,
prepared at low liquidity indexes, Chandler (1969), Chandler and Apted (1988). Tests on
remolded soil samples can be thought of as producing intrinsic values which are defined
as inherent to the soil and independent of its natural state, Burland (1990). Fully softened
shear strength testing, which is conducted on remolded specimen tested in a direct shear
box, ring shear, or triaxial test, can be considered to be a lower bound of expected field
conditions. The accuracy of this statement depends on the clay particle orientation in the
10

field. If the clay particles are highly oriented, then residual strength testing may be more
appropriate.
Recent research on the fully softened shear strength of mudstone, was conducted
on samples subjected to cycles of slaking to simulate mechanical weathering processes
that occur in nature. The shear strength of these samples taken from the weathered zone,
collected in Niigata prefecture Japan, took 4 cycles of slaking to reduce the shear strength
of the of the parent material to the fully softened strength. The shear strength testing was
conducted using a simple shear apparatus. This testing showed a significant decrease in
peak shear strength and a decrease in density with an increase in water content, Bhattarai
et al (2006).
A similar procedure was conducted on compacted Eagle Ford Clay shale and
showed that cycles of wetting and drying had the effect of decreasing the clay shale shear
strength. These tests consisted of isotropically consolidated-undrained triaxial
compression tests with pore water pressure measurements. Specimens tested were
prepared in three different ways: as-compacted specimens (compacted 1% dry of
optimum using an air-piston), specimens normally consolidated from slurry, and ascompacted specimens subjected to cyclic wetting and drying, Wright et al (2007). The
specimens subjected to wetting and drying cycles were initially prepared in the same
manner as the as-compacted specimen. Once the as-compacted specimen was obtained it
was placed in a specimen holder which consisted of a cylindrical metallic screen and
subjected to 20 wetting and drying cycles, each cycle lasted 24 hours. When the
laboratory testing results were compared, they showed that the cyclic wetting and drying
samples had strength envelopes more closely resembling those of the normally
11

consolidated samples than those of the as-compacted samples. Results of the triaxial tests
on normally consolidated specimens exhibited a curved shear envelope at low confining
pressures with the envelope passing through the origin Wright et al (2007). Overall the
test results indicate that the wetting and drying cycles have the effect of reducing the soil
strength over time which would agree with conclusions drawn by others covered in this
current literature review.
There has been extensive work by Stark (2005) investigating the fully softened
strength conducted using a ring shear and triaxial cell. Stark showed that the type of
apparatus can affect results. The ring shear test results were 2.5° lower than triaxial test
results. These tests also show a relationship between the fully softened secant friction
angle to liquid limit, effective normal stress, and clay size fraction. The results of these
tests are shown in Figure 3.

Figure 3

Fully softened shear strength correlation, Stark (2005).
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Typically, the strength envelope for the fully softened shear strength is curved at
low confining pressures and passes through the origin. The current state of practice is to
use the direct shear device to measure the fully softened shear strength. Due to the
nonlinearity of this shear strength envelope at least four data points, over a range of
effective normal stresses, are recommended to define the fully softened shear strength
envelope, (Duncan, Brandon, and Vandenburg, 2011).

13

CHAPTER III
SHALE FIELD SAMPLES

Sample Location
In the current research, two samples each were collected for laboratory testing
from the Lower and Upper Eagle Ford shale formations. Samples from the Lower Eagle
Ford Shale formation were obtained at Lewisville Dam, located near Lewisville, Texas
(Figure 4). Samples from this location were collected at the Lewisville Outlet Works and
Spillway. These samples were highly disturbed and were obtained from two feet below
the ground surface. Samples from the Upper Eagle Ford Shale formation were obtained
along the Dallas floodway, located in Dallas, Texas (Figure 5). Samples from this
location were collected at the Hampton Pump Station and from the East/West Interceptor
Tunnel along the Dallas Floodway. The samples from the Hampton Pump Station were
obtained at a depth of two feet below the ground surface. Those samples collected from
the Tunnel Project were collected at a depth of 100 to 110 ft below the ground surface.
All samples were disturbed.

14

Lewisville Reservoir

Sample 1
Water Sample

Figure 4

Sample 2

Lewisville Dam sample locations.

Lewisville Dam
Shale and water sample locations at the Lewisville dam are shown in Figure 4.
Shale sample 1 was taken just downstream from the reservoir outlet structure. The soil at
this site was extremely hard and a tractor with a front end loader was used to loosen it.
The ground surface elevation at this sample location is 461 ft (above mean sea level).
Shale sample 2 was collected approximately 5 ft from the downstream end of the
spillway apron. The ground surface elevation at shale sample location 2 is 517 ft (above
mean sea level). The depth of both shale samples was approximately 2 ft below the
ground surface.
Dallas Floodway
Shale and water sample locations along the Dallas floodway are shown in Figure
5. Shale sample 1 was collected from a surface outcropping of weathered shale. The
15

sample depth was estimated to be within 2 ft of the ground surface and was excavated by
shovel. Ground surface is elevation 398 ft (above mean sea level). The groundwater
sample was taken from the Hampton pump station outlet channel. The Hampton Pump
Station is responsible for pumping runoff from the city to the Trinity River and is part of
a larger network of pump stations along the Dallas Floodway. At the time of sample
collection the area was extremely dry, having not received appreciable rain in over a
month. Shale sample 2 was collected from shale excavated from a tunnel access shaft.
The tunnel is to serve as a gravity sewer main when complete and bisects the Floodway.
The shaft was constructed to provide access for the boring machine used in excavation
for the sewer line. Shale sample 2 was obtained from a depth of 100-110 ft from the
ground surface. The ground surface elevation at this location is 400 ft (above mean sea
level).

Sample 1

Downtown Dallas

Water Sample

Sample 2

Figure 5

Dallas Floodway sample locations.
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Regional Geology
Lewisville Dam
Lewisville Dam is located just north of Lewisville Texas, approximately 22 miles
north of Dallas Texas, and is located within the West Gulf Coastal Plain section of the
Coastal Plain physiographic province. This plain is further subdivided into belts, the
Eagle Ford Prairie and the Eastern Cross Timbers. A downstream portion of the dam is
located within the Eagle Ford Prairie and sits on an outcrop of the Eagle Ford Formation
of Upper Cretaceous age. The Eagle Ford Formation consists of weathered and
unweathered clay shale. The upstream portion of the reservoir is located within the
Eastern Cross Timbers. The upstream part of the dam foundation and remaining
reservoir sit atop an outcrop of the Woodbine Formation which is also of Upper
Cretaceous age. The Woodbine Formation consists of the following strata; sand, shale,
and sandstone. Figure 6 shows the stratigraphy of the dam site.

Sample Locations
Figure 6

Geology of Lewisville Dam (Courtesy USACE, Fort Worth District).

Dallas Floodway
From a landform perspective, the city of Dallas is located on the edge of the Gulf
Coastal Plain. Cretaceous age units are underlain by Paleozoic-age rocks. The two
17

members of the Woodbine Formation found in Dallas County are the Dexter and
Lewisville members. The Dexter member consists of sand and silty clays that were
deposited in either brackish water or a deltaic environment. The Lewisville member
contains carbonaceous clays deposited in a similar manner as the Dexter member. The
Eagle Ford formation sits uncomformably on the Woodbine Formation within this study
area. In this study area, the Eagle Ford is subdivided into the Tarrant sandy clay and
limestone, the Britton clay, and the Arcadia Park Shale, USACE (2011). The samples for
this study were taken from the Arcadia Park Shale. Figure 7 depicts the stratigraphy
beneath the Dallas metropolitan area.

Figure 7

Block diagram of stratigraphy beneath the Dallas metropolitan area,
Schuler (1918).
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Sample Description
Lewisville Dam
The two samples taken from Lewisville dam location were taken 200 ft
downstream of the outlet works and 5 ft from the end of the spillway apron. Four 2.5
gallon containers were collected of each sample. The samples were collected in a
disturbed state. The material in these locations had varying degrees weathering. A
classification scheme proposed by Chandler (1969), was used to characterize the degree
of weathering of each sample. The classification scheme is shown in Table 1.
Table 1

Clay shale Classification scheme, (modified after Chandler (1969)).

Classification
(Zone)
IVb
IVa

Degree of Weathering

Texture description

Color

Fully weathered
Partially weathered a)

Light grey
Dark grey

III

Partially weathered b)

II

Partially weathered c)

I

Unweathered

Softened matrix only
Softened matrix with
occasional hard clay
pellets, less than 1/8 in
diameter
Matrix with frequent
lithorelicts up to 1 in.
Angular blocks of
unweathered shale
with virtually no
softened matrix
Intact shale

Dark Grey
Black

Black

The classification scheme outlined in Table 1 uses color, texture, and degree of
weathering to define the weathered zone in the shale. When an unweathered shale
sample is first exposed in these formations its color is dark black but turns lighter shades
of gray with increased time of exposure. Prior to any weathering, the shale is blocky and
may appear to be a soft rock; this condition corresponds to zone I. As the shale weathers
slightly it continues to appear rocklike with some softening around the exterior (zone II).
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As weathering continues an appreciable amount of the shale becomes soil like with
litherelicts (solid unweathered shale pieces) up to 1 inch in diameter (zone III). The
partially weathered material is mostly a matrix of softened clay which is easily broken up
by hand but may contain hard clay pellets (zone IVb). The fully weathered material
contains only the softened matrix (zone IVa).
Locations of the Lewisville Dam samples are shown in Figure 4, the two samples
were obtained from the outlet works and spillway, respectively. The sample taken from
the Outlet Works was dark grey in color and fissile in nature. When sampled, the was
excavated as 1-4 in blocky pieces and contained considerable amount of sandy material.
At the outlet works location, 4-6 in of surface material was removed to expose the shale
below. Based on the degree of weathering samples from the Outlet Works could be
considered to be in zone III of the classification scheme. Figure 8 shows the excavation
on the left and the top of the exposed shale deposit on the right.

Figure 8

Outlet Works shale sample excavation.
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Samples from the Spillway were collected at the ground surface. These samples
were light grey in color and in a highly weathered state (fully weathered, zone Iva). The
samples taken at the spillway were in a highly fissile state and when sampled broke easily
into platy particles roughly 1/8-1/4 in thick and a length of 0.5-1 inch and smaller. This
material was easily excavated by hand compared to the samples extracted from the outlet
works which had to be loosened with an excavator. Figure 9 shows the conditions where
the Spillway samples were collected.

Figure 9

Lewisville Dam Spillway sample location.

In situ, the spillway material is exposed to the atmosphere with no vegetation
cover as compared to the Outlet Works sample which was collected from a shaded area
partially covered with grass. This may explain the different levels of weathering for the
two samples.
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Dallas Floodway
Samples from the Dallas Floodway were taken from a surface outcropping near
the Hampton Pump station and from material excavated from the access shaft of a tunnel
construction project. These locations are shown in Figure 5. The sample taken from the
surface outcropping near the Hampton pump station was highly weathered, light grey in
color, and fissile, as shown in Figure 10. The material was easily excavated using a
shovel. The surface material was scraped away to a depth of 1 ft to expose the shale
sampled. The sampled material broke up into platy pieces approximately 1/8-1/4 in
thickness and 0.5 in long when excavated. This material may be classified as fully
weathered, zone IVa.

Figure 10

Samples taken from Dallas Floodway, Hampton Pump Station.

Samples from the access shaft of the East/West interceptor tunnel project were
from material excavated at a depth of approximately 100-110 ft below the ground
surface. These samples were black in color and very blocky, typically 6 in thick and 8-12
in long (although larger blocks were available). The material had not been weathered at
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the time of excavation. These samples could be classified as unweathered clay shale,
zone II. An example of material from the East/West interceptor tunnel project is shown
in Figure 11.

Figure 11

Shale sample taken from the East/West Interceptor tunnel project.

All of the samples collected for this study were in a disturbed state. The disturbed
state of the samples was of little consequence to this study because the samples were to
be tested in a remolded state.
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CHAPTER IV
SAMPLE PREPARATION

Laboratory Testing
Laboratory Tests Performed
All samples were transported to the Engineer Research and Development Center
in Vicksburg, Mississippi in sealed containers. These containers were then stored in a
humid room until tested. Classification tests were performed (gradation, Atterberg
Limits) and the materials were classified by the Unified Soil Classification System
(USCS, ASTM D 2487-11). Each specimen tested in the direct device was remolded in
accordance with both EM 1110-2-1906 and ASTM D 4318-10. Specific gravity tests
were performed on each sample using procedures in ASTM D 854-10, Method B.
Atterberg limit testing (liquid and plastic limit) was conducted on each sample, 16 in
total, these tests were conducted according to ASTM D 4318-10. Hydrometer tests were
conducted to ascertain the particle sizes smaller than the N0. 200 sieve in accordance
with ASTM D 422-63. Classifications of the samples were conducted utilizing the
USCS. In addition, the shear strength was determined in a direct shear apparatus (ASTM
D3080-04). Table 2 shows the tests performed on specimens from each sample.
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Table 2

Soil tests performed on each sample and preparation method.

Lewisville
Spillway

Blenderized

1

X

2

X

Hand
Disaggregated

Deionized
Water

Ground
Water

X
X

3

X

4

X

X

Specific
Gravity

Atterberg
Limits

Hydro.

X

X

X

X
X

X

X

X

Table 2 gives an example of the type of tests performed and sample preparation
method on one particular sample, these same tests and methods were performed on the
other four samples.
Normal pressures each specimen was consolidated to before shearing in the direct
shear device are shown in Table 3. Depending on the final consolidation stress, the time
to reach the end of primary consolidation for each specimen ranged from 4 to 96 hours.
The X’s in the cells in Table 3 indicate the number of replicates performed on that
particular specimen. Specimens are denoted by B were blenderized and those denoted by
H were hand disaggregated. Water used for sample preparation and testing is denoted as
D for deionized water and GW for ground water.
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Table 3
Sample
Lewisville
Spillway

Normal stresses each specimen was consolidated to before shearing.
Specimen
B/D
B/GW
H/D
H/GW

Lewisville
Outlet
Works

B/D
B/GW
H/D
H/GW

Hampton
Pump
Station

B/D
B/GW
H/D
H/GW

E/W
tunnel

250
‐
‐
X
X

500
XX
X
X
X

Normal Stress
1000
2000
X
XX
X
X
X
X
X
X

6000
X
X
X
X

12000
X
X
X
X

X
X
X

X
X
X
X

XX
XX
XX
XX
‐
X
X
X

X
X
‐
X

X
XX
X
X

B/D
B/GW
H/D
H/GW

X
X
X
X
XX
XX
XX
XX

B = Blenderized, H = hand disaggregated, D = deionized water, GW = groundwater
Sample Preparation Methods
From each of the four samples collected two specimens were prepared utilizing
the blenderized method, as outlined in Appendix III paragraph 9 of EM 1110-2-1906. Of
the two samples prepared this way, one specimen was prepared using ground water
collected in the same location as the sample. The other blenderized specimen was
prepared using deionized water. When possible the batches were attained from the same
2.5 gallon storage container to minimize differences that might occur combining material
from different containers.
EM 1110-2-1906 Method
The first step in the blenderized preparation method after the batches were
separated was to shred the material with a cheese grater at its natural water content. Once
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shredded, the material was air-dried. The average temperature in the laboratory during
this drying process was approximately 75° F (24° C) the area was climate controlled to
maintain this temperature. This control met recommendations laid out in the EM, which
states that the drying process should occur in an atmosphere with a temperature less than
122° F (50° C) and a relative humidity less than 30 percent. Air drying continued until a
constant weight, or a minimum of 48 hours.

Figure 12

Material soaking in specified water.

Once air dried, the material was soaked in either deionized water or local ground
water for 48 hours; Figure 12 shows a sample being soaked. After 48 hours of soaking,
the samples had initial water contents above 300 percent and exhibited a slurry
consistency. Approximately 500 ml of the slurry was placed in a 1,000 ml glass
container and a single-speed blender was used to disaggregate the material for 10
minutes. Figure 13 shows the material before and after blending. After blending the
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disaggregated material was washed through a 425 µm (No. 40) sieve. The excess water
was removed by soaking the slurry in a plaster of Paris dish lined with filter paper. Once
the material dried to near its liquid limit the specimen was separated into two portions.
One portion was used for Atterberg limit testing and the other portion was used for direct
shear testing.

Figure 13

Material in blender pre and post blending respectively.

ASTM Method
Two more specimens were prepared using hand disaggregation as outlined in
ASTM D4318-10. This method is outlined in detail in paragraph 10.1.2 in the ASTM
standard.
The first step in the hand disaggregation is to place the specimen in a pan, adding
enough deionized or site specific ground water, depending on the specimen being
prepared, to cover the soil. The material is then allowed to soak until all lumps softened.
The resulting slurry is passed through a 425 µm (No. 40) sieve in the bottom of a clean
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pan. The material was washed through the sieve to separate the coarser particles. Water
from the desired source was then added to the sieved material until it reached 0.5 inches
above the sieve. The slurry was then agitated by swirling the mixture and raising and
lowering the sieve in the pan. Any larger particles that had not disaggregated were gently
pushed through the sieve by hand. The washing procedure was completed by raising the
sieve above the water surface and rinsing any retained material with a small amount of
the appropriate water.
The material in slurry form was dried in a plaster of Paris dish lined with filter
paper as seen in Figure 14. During the drying process care was taken to stir the material
to prevent excessive drying of the edges. Once dried to near the liquid the limit the
material was removed from the plaster of Paris dish and mixed on a glass plate. One part
of the material was retained to perform Atterberg limit tests and the second part placed in
a plastic sample container until direct shear testing could be conducted.

29

Figure 14

Material drying in filter lined plaster of Paris dish.

Direct Shear Preparation
Direct shear strength testing was conducted on each of the samples using four
direct shear machines. Three of the machines were Casagrande direct shear devices;
modified to take readings at specified time. Initially, the interval is 0.016 minute but
could be as much as 10 minutes. The fourth direct shear device was manufactured by
GeoTac® and was fully automated. This machine can be programmed to apply
consolidation stress and automatically move to the next consolidation step once primary
consolidation is complete. The criterion used to move to the next step is based on t100,
which is automatically calculated from the data and multiplied by a delay factor.
The testing procedure consisted of sample preparation, loading the sample into the
direct shear box, sample consolidation, and sample shear. Sample preparation is
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described above. Loading the sample into the shear box was aided by a mold. Using a
putty knife the samples were spread into the mold in increments being careful not to
create any air pockets. Once the sample was loaded into the mold it was placed on a
digital scale and the total weight was recorded. The sample was then extruded into the
shear box and the weight of the empty mold was recorded. The empty mold weight was
subtracted from the total weight and recorded as the weight of the tested specimen. A
small amount of material (minimum 20g) was taken from the sample container to
determine the water content of the material before testing. Once the material was
extruded, the sample and shear box were placed in the direct shear device. Figure 15
shows a sample in the mold before extrusion.

Figure 15

Sample in mold before extrusion.

The samples taken from Lewisville Spillway and Hampton Pump Station were
tested at five or more confining pressures to establish a shear strength envelope (Table 3
shows the confining pressures used for shear strength testing). The samples taken from
the Lewisville Outlet Works and East/West Interceptor were tested at a confining
pressure of 1 tsf. The specimens were consolidated in increments to the required
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confining stress and then sheared. The GeoTac device automatically moved to the next
confining pressure during the consolidation phase. The Casagrande devices had to be
increased manually.
Once the specimen was consolidated under the desired stress the specimen was
sheared at a displacement rate calculated using Equation 3 (ASTM D3080-04).
.

(3)

where dr is the displacement rate (in/s) and tf is the time at failure (sec). The time at
failure is calculated from Equation 4 (ASTM D3080-04).
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(4)

where t50 is the time at 50% of primary consolidation and was found using the logarithm
of time fitting method, Dunn et al (1980). The specimen was sheared at this rate or an
order of magnitude slower, thus ensuring any excess pore pressure induced during shear
was dissipated. Once the direct shear test was completed a sample was cut from the
sheared sample to obtain the post test water content. The sample was taken in such a
manner that material from the shear zone was included.
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CHAPTER V
RESULTS

Testing
Remolded Sample Classification
Particle size analysis was conducted using both sieve and hydrometer analyses.
Hydrometer results reporting the clay size fraction for each specimen are shown in Table
4 and the results of the sieve and hydrometer analysis are depicted in Appendix A,
Figures A-35 through A-42.
Table 4

Hydrometer test results.

Sample
Lewisville Spillway
Blenderized
Hand Disaggregated
Lewisville Outlet Works
Blenderized
Hand Disaggregated
Dallas Floodway, Hampton Pump
Station
Blenderized
Hand Disaggregated
Dallas Floodway, East/West Interceptor
Blenderized
Hand Disaggregated
Hand Disaggregated

Clay Fraction (%finer 2 µm)
53.22
61.35
32.36
27.49

45.4
36.9
43.4
35.0
35.0
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Atterberg limits were determine for the four samples. Specimens were prepared
using the blenderized (B) or Hand Disaggregated (H) method and with either Deionized
(D) or Ground Water (GW). The results of these tests are plotted on the plasticity chart
shown in Figure 16. The Plasticity Index is the difference in Liquid and Plastic Limits.

Figure 16

Plasticity chart.

Specific gravity, Atterberg limits, activity and classification are shown in Table 5.
Classification was based on the Unified Soil Classification System (USCS), ASTM
D2487-10. Specimens classified as low or high plasticity clay as shown in Figure 16.
All points plot above the A-line, which classifies the material as clay. Specimens with a
liquid limit less than 50% are classified as low plasticity clay (CL) whereas those with a
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liquid limit greater than 50% are considered high plasticity clay (CH). The activity of the
soil is the ratio of plastic index to clay fraction, shown in Equation 5.
,

(5)

where A is activity, PI is plasticity index, and CF is clay fraction (percent particles finer
than 2 µm). Activity is an indication of the influence of clay fraction on the overall soil
properties.
Table 5

Atterberg Limit, Activity, Soil type and Specific Gravity Results.
Sample

Lewisville Spillway
B/D
B/GW
H/D
H/GW
Lewisville Outlet Works
B/D
B/GW
H/D
H/GW
Dallas Floodway,
Hampton Pump Station
B/D
B/GW
H/D
H/GW
Dallas Floodway,
East/West Interceptor
B/D
B/GW
H/D
H/GW

Liquid
Limit (%)

Plasticity
Index (%)

Activity

Soil type
(USCS)

Specific
Gravity Gs

74
81
74
75

48
56
46
49

0.9
1.05
0.75
0.8

CH
CH
CH
CH

2.84
2.84
2.84
2.84

60
56
46
44

40
36
26
26

1.24
1.11
0.95
0.95

CH
CH
CL
CL

2.68
2.68
2.68
2.68

71
74
62
65

43
48
31
36

0.95
1.06
0.84
0.98

CH
CH
CH
CH

2.66
2.66
2.66
2.66

51
50
45
45

34
32
26
26

0.78
0.74
0.74
0.74

CH
CH
CL
CL

2.78
2.78
2.78
2.78

**B/D=Blenderized with deionized water, B/GW=Blenderized with Ground Water,
H/D=Hand disaggregated with deionized water, H/GW=Hand disaggregated with Ground
Water
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Mineralogy
Puppala and Chittoori (2012) conducted a mineralogy investigation on Eagle Ford
Clay shale sampled from the same general area (within 100 ft) as the samples for this
investigation,. The mineralogy investigation was conducted to determine clay
mineralogy with respect to blenderizing and non-blenderizing process. Both
mineralogical and chemical characterization tests were conducted using X-ray Diffraction
(XRD), cationic exchange capacity (CEC), specific surface area (SSA), and total
potassium (TP). Each sample was sampled into two smaller samples, one of the samples
was air dried for 48 hours and passed through a #200 sieve and the other sample was
prepared according to the EM 1110-2-1906 blenderizing procedure. The above tests
were then conducted on specimens of both samples. Results of these tests are shown in
Table 6, they show no appreciable change to the mineralogy due to the blenderizing
process.
Table 6
Sample

Minerology, Puppala and Chittoori (2012).
Average CEC Average SSA Average TP

Non‐
meq/100g
Blenderized
8
111.5
9
111.9
10
121
Blenderized
8
114.6
9
125.4
10
130

Illite

Kaolinite

Montmorillinite

m2/g

meq/100g

%

%

%

245
271
249

1.77
1.88
2.26

29
31
38

34
27
25

37
41
37

237
265
281

1.8
2.01
2.05

30
34
34

34
27
23

36
40
43

Samples in this investigation were weathered and unweathered Eagle Ford Clay
Shale. Sample 8 and 9 were described as soft, dark gray, thinly bedded, and highly
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weathered. Sample 10 is a soft, dark gray, thinly bedded, and unweathered according to
boring logs. Sample 8 and 9 could be considered similar to the Lewisville spillway
samples and sample 10 is similar to the Lewisville Outlet Works sample, based on the
sample boring logs. There is little difference in the mineralogy between the blenderized
and non-blenderized samples. The results of the tests indicate an almost equal
distribution of the clay minerals, Illite, Kaolinite, and Montorillinite. The amount of
Montmorillinite present suggests that these soils may be susceptible to swell.
Water Chemistry
Water samples extracted from both the Lewisville Dam and the Dallas floodway
were analyzed for metals. The EPA 6000/7000 series of methods were used. High
concentration of metal ions present in the groundwater could increase the soils shear
strength. Test results are shown in Table 7. The major metals found in the water samples
are Calcium (Ca+2), Sodium (Na+1), Magnesium (Mg+2), and Potassium (K+1)
respectively. The larger ion listed is the Potassium constituent and the ion with the
highest electron affinity is the Magnesium ion.
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Table 7

Results of the water chemistry analysis.
Metal
Aluminum
Mercury
Antimony
Arsenic
Barium
Beryllium
Cadmium
Calcium
Chromium
Cobalt
Copper
Iron
Lead
Manganese
Magnesium
Molybdenum
Nickel
Phosphorus
Selenium
Potassium
Silver
Thallium
Vanadium
Sodium
Zinc

Units
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Sample
Lewisville Dam Dallas Floodway
0.0200
0.0200
0.000091
0.000029
0.0005
0.0009
0.001
0.0014
0.133
0.0501
0.0005
0.0005
0.0005
0.0005
32
54.7
0.0006
0.0011
0.0005
0.0005
0.0013
0.0024
0.0200
0.0200
0.0005
0.0005
0.0055
0.0005
6.05
4.34
0.003
0.0055
0.0023
0.0035
0.0200
0.0200
0.001
0.0017
2.99
3.99
0.0005
0.0005
0.0005
0.0005
0.0005
0.0016
29.3
38.8
0.0024
0.0033

Shear Strength Tests
An example of shear strength test results is shown in Figure 17. All shear
strength test results are located in Appendix B. Each shear test result sheet shows plots
of: vertical strain vs. time for each stage, vertical strain vs. normal stress, horizontal vs.
vertical displacement, and shear strength vs. horizontal displacement.
The vertical strain versus time plot shows that for the desired consolidation
pressure the sample had reached the end of primary consolidation. The plot of vertical
strain versus normal stress shows that the sample is normally consolidated and exhibits
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contractive behavior during shear. This contractive behavior is illustrated by the vertical
line at the end of consolidation, which shows an increase in vertical strain (contraction)
during shear. This behavior can also be seen in the vertical displacement versus
horizontal displacement plot. These plots are shown in Figure 17 and are representative
of all of the complete data set.
The shear strength versus horizontal displacement is also shown in Figure 17.
This plot shows the general behavior of the sample during shear. Results of specimen
consistency (liquid limit and plastic limit), clay fraction (CF), specific gravity, activity
(A), and secant friction angle are also shown on the plot of the laboratory sheets. The
secant friction angle is defined as the arctangent of the ratio of maximum shear stress to
normal stress. Initial and final degree of saturation, dry density, void ratio, and water
content are also shown.
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Figure 17

Direct shear test results.

The calculated displacement rate varied from a magnitude of 10-5 to 10-4 in/min,
the method of calculation is shown in Chapter IV. These shear rates were considered

40

slow enough to allow dissipation of any excess pore pressures. As a result these tests can
be considered drained.
An example of the shear surface that developed during testing is shown in Figure
18. Failure during testing occurred at a displacement of approximately 0.15 in and can be
seen in the shear versus displacement plots shown in Appendix B for each suite of tests
performed.

Figure 18

Shear surface developed on hand disaggregated sample.

Suites of tests at different confining pressures were conducted on samples
extracted from both the Lewisville spillway and the Dallas Floodway at Hampton Pump
Station. An example of laboratory sheets are provided in Figure 19, all results are
provided in Appendix B.
These laboratory sheets contain three plots, maximum shear stress versus normal
stress, secant friction angle versus normal stress, and shear stress versus horizontal
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displacement for each normal stress. The plot of shear versus normal stress shows that
the failure envelope for these materials is curved and would pass through the origin at
low confining pressures. The plot of secant friction angle versus normal stress also
shows a curved relationship and is asymptotic to the vertical axis.

Figure 19

Results of the suite of tests performed on samples extracted from the Dallas
Floodway at Hampton Pump Station.
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CHAPTER VI
DISCUSSION OF RESULTS

Effect of Sample Preparation
Shale is the predominate sedimentary rock in the earth’s crust. It is an argillaceous
sediment that can be difficult to classify. The difficulties arise because shale can come in
many forms from a rock like structure to a fissile soil like material in its weathered state.
Shale can be subdivided into two major groups: cemented shales (rock-like) or
compaction shales (soil-like). The cemented shales may require blasting to more
economically excavate them while compaction shales can be easily excavated with
appropriate earth moving equipment, Underwood (1967).
Compaction shales have been consolidated by the weight of overlying materials
and lack significant amounts of cementation. Cemented shales have significant amounts
of intergranular cementation with bonds that may be formed by calcareous, siliceaous,
feruginous, gypsiferous, or phosphatic material to name a few, Underwood (1967).
Based on these definitions shales used in this study are classified as compaction shales.
All four samples were excavated either with shovel or with a front end loader.
Compaction shales can be further classified according to grain size. Depending
on the size of particles present compaction shales can be classified as clay shale, silty
shale, sandy shale, or black shale. Clay shale contain 50% or more clay sized particles,
silty shale contain 25%-45% silt size particles, sandy shale contain 25%-45% sand size
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particles and black shale are organic rich, Underwood (1967). According to this
definition the shale samples are classified accordingly in Table 8 using the blenderized
samples prepared with deionized water.
Table 8

Shale Classification
Sample
Lewisville Spillway
Lewisville Outlet Works
Dallas Floodway, Hampton Pump Station
Dallas Floodway, East/West Interceptor

Classification
Clay Shale
Sandy Shale
Sandy Shale
Silty Shale

Particle size determination for shales is influenced by the method of particle
disaggregation. LaGatta (1970) found that a more rigorous disaggregation of Cucaracha
shale increased the size of the clay size fraction. LaGatta also found with increased
disaggregation effort that there was a corresponding increase in the liquid limit from 49%
to 156% and an increase in the plastic limit from 28% to 42%. Similar results were
encountered by other researchers investigating shale samples, Townsend and Gilbert
(1974), and Eid (2006). In the current study this trend is also apparent in the results
shown in Table 5. The liquid limit values for the blenderized samples are higher when
compared to the hand disaggregated samples. Most notably the Blenderized samples
taken from the East/West Interceptor classified as a CH while the hand dissagregated
samples classified as CL. The plasticity index values for the blenderized samples were
higher as well.
These results show that the blenderizing method provides a more rigorous
disaggregation of the specimen. Thoroughly disaggregated samples have more of the soil
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particles broken down, increasing their specific surface area for water to bond to the clay
minerals, which allows more water to be held by these specimens and therefore
increasing their liquid limit.
The results of the hydrometer analysis, presented in Table 4, show that three of
the four samples prepared using the blenderizing technique have a higher clay fraction
compared to the hand disaggregated samples. Particles that are smaller than 2 µm are
classified as clay; particles larger than 2 µm, but still passing the No. 200 sieve, are
classified as silt. Therefore, the blenderizing technique evidently produces smaller
particles through more effective disaggregation.
The Atterberg limits for the blenderized samples are generally higher than the
non-blenderized samples, considering all of the samples tested. An exception to this is
the blenderized specimens of the Lewisville Spillway. A possible explanation for this
result is the highly weathered state of the Spillway samples. In this highly weathered
state the Spillway samples had already gone through a more rigorous disaggregation
cycle in the field before collection, as compared to the samples collected from other
locations. Thus, the potential for the Lewisville Spillway samples to further disaggregate
in the laboratory was too low for the sample preparation techniques to have much impact
on their final state.
The use of groundwater as opposed to deionized water during sample preparation
appeared to have little impact on the consistency tests. This could be due to the low ion
concentrations in the groundwater. Anson and Hawkins (1998) performed tests to
explore the effects of calcium concentrations on residual shear strength and consistency
of sodium montmorillonite and kaolinite samples. Calcium concentrations of 80 mg/l or
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more were used to attain considerable increases in liquid limit. They conducted
consistency and residual strength testing using different calcium concentrations to
explore any changes in consistency. At a minimum, calcium concentration of 80 mg/l
resulted in the largest increase in liquid limit. At increasing concentrations above this
the effect of calcium concentration diminished. The calcium concentrations used in this
study were roughly half of the minimum (80 mg/l) used in Anson and Hawkins study.
The addition of other ions in pore fluid such as magnesium and sodium may have
complicated the pore chemistry as well.
The activities of all shale samples tested fall between 0.74 and 1.24, which
according to Skempton (1953) could be classified as normal clay. The ranges of activity
values which Skempton defined in his 1953 paper are shown in Table 9. The higher the
activity the more likely that the clay fraction of the soil will be vulnerable to pore fluid
composition and the exchangeable ions present.
Table 9

Activity classification, Skempton (1953).
Inactive clay
Normal clays
Active Clays

Activity, A0.75
Activity, 0.75A1.25
Activity, A1.25

Figure 20 shows the plasticity index plotted against clay fraction for the various
samples tested. This plot shows the varied impact that the water source had on the clay
fraction and plasticity index. Samples from both the Lewisville spillway (L1) and the
Dallas Floodway at Hampton Pump Station (L2) prepared with ground water displayed a
higher plasticity index compared to the samples prepared using deionized water. The
opposite is true for samples taken from Lewisville Outlet (S1) works and the Dallas
46

Floodway East/West Interceptor (S2). The blenderized samples prepared using local
groundwater displayed a lower plasticity index. Results for both fall within 1 standard
deviation of the mean which indicates that these differences may not be statistically
significant. Samples that were hand disaggregated had the same Atterberg limit values
for both water sources. An explanation for this behavior could be that the ion
concentrations were not sufficient for there to be much of an impact on the Atterberg
limits testing.

Figure 20

Plasticity Index versus Clay Fraction for various preparation and water
combinations.
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Shear Strength Testing
The results of all direct shear testing are shown in appendix B. All of the shear
strength envelopes are curved and pass through the origin. The shear vs. normal stress
and secant friction angle vs. normal stress data were both fitted with a curve based on a
power series. The power series best-fit equation is shown in Equation 6.
ln

∗ ln

(6)

Where τ is the shear stress and σ’n is normal effective stress. A and B are constants
determined in the fitting of the data. The data points and the best fit lines are plotted on
the laboratory sheets shown in Appendix B for each suite of tests.
The data shown in Figure 21 compares the shear strength envelopes for Lewisville
Spillway (L1) and Dallas Floodway Hampton Pump Station (L2). These results are for
specimens prepared from the same water source but different disaggregation techniques.
At normal stresses of less than approximately 2000 psf there is little difference in the
plots but with increasing normal stress the differences become more pronounced. This is
true for all results except for the Hampton Pump Station specimens’ prepared using
deionized water. The Hampton Pump Station specimens show that the best-fit shear
strength envelopes are the same for the blenderized and hand disaggregated samples,
(lower left hand plot of Figure 21).
The percent difference for the Lewisville Spillway specimen is 12.6% at a 6000
psf confining pressure and 18.2% at a 12000 psf prepared using deionized water. The
results of this testing show that with increasing normal stress the difference between the
two shear strength envelopes increases. The blenderized sample prepared with deionized
water resulted in larger shear strength values. The p-value for this data is equal to 0.034
48

which indicates that these differences may be statistically significant, resulting from a ttest performed on the data using Excel. The t-test results comparing the shear strength
envelopes had p-values ranging from 0.034 to 0.18. The lowest p-value was for the
Blenderized specimen compared to the hand disaggregated specimen prepared with
deionized water. This level of the p-value indicates that the differences between shear
strength envelopes for a majority of the results might not be statistically significant,
Montgomery and Runger (2007).
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Figure 21

Comparisons of shear strength envelopes for blenderized vs. hand
disaggregated specimens for Lewisville Spillway (L1) and Dallas Floodway
Hampton Pump Station (L2).

The Lewisville Spillway samples prepared using groundwater gives the opposite
results. The differences in the shear strengths at 6000 psf and 12000 psf are 9.5% and
8%, respectively. The maximum shear strengths were obtained by the hand
disaggregated sample prepared with groundwater.
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There are similar results for the Hampton Pump Station specimen prepared using
the hand disaggregated method with ground water. The only difference is that the
percent difference between the two envelopes at a confining pressure of 12000 psf is
38.3%, a value more than twice the difference for the Lewisville Spillway samples. As
mentioned previously the samples prepared with deionized water show no difference in
the best fit shear strength envelope shown in Figure 21 and 22.
Results in Figure 22 show the secant friction angle versus normal stress. The
specimen prepared with deionized water from the Hampton Pump Station exhibited very
little difference in shear strength between the hand disaggregated and blenderized
specimen. The hand disaggregated samples prepared with groundwater yield larger
secant friction values for the Lewisville spillway samples. At low confining pressures the
best-fit lines show minimum difference between the two specimens.
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Figure 22

Comparisons of secant friction angle for the blenderized vs. hand
disaggregated specimens for Lewisville Spillway (L1) and Dallas Floodway
Hampton Pump Station (L2).

Figures 23 and 24 illustrate the difference that water source plays regarding shear
strength. These plots show the shear strength of samples with one particular preparation
method but with varied water source.
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Figure 23

Comparison of shear strength envelopes showing preparation method with
deionized vs. groundwater results for samples from Lewisville Spillway
and Dallas Floodway Hampton Pump Station.
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Figure 24

Comparison of secant friction angles showing preparation method with
deionized vs. groundwater results for samples from Lewisville Spillway
and Dallas Floodway Hampton Pump Station.

At confining pressures less than 2000 psf the shear strengths exhibit minimal
differences but at pressures higher the differences increase. The shear strength is higher
for blenderized samples using deionized water. Shear strength of samples hand
disaggregated with groundwater yield higher shear strengths compared to those using
deionized water.
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Table 10 shows results of tests on samples from the Lewisville Outlet Works and
the Dallas Floodway East/West Interceptor. These results show that the use of
groundwater during the preparation process increases the shear strength of blenderized
samples compared to those prepared with deionized water. The use of groundwater
during preparation had little effect on the shear strength of the hand disaggregated
samples. Moreover, the disaggregation method used appears to have little impact on the
secant friction angles at the confining pressures applied.
Table 10

Shear strength testing on Lewisville Outlet Works and Dallas Floodway
East/West Interceptor Tunnel specimen.

Based on above analysis, groundwater includes metal ions, among others, in the
specimen pore fluid. If site specific groundwater is used in sample preparation the
leaching of these ions from the sample pore fluid is prevented. Kenney (1967) found that
an increase in salt concentration and ions with higher valency caused an increase in the
residual shear strength. Blenderized samples in this study exhibited a larger clay fraction
and higher shear strengths with deionized water compared to the hand disaggregated
sample. Blenderized samples prepared with ground water exhibited lower shear strength.
The effect may be explained in that deionized water introduces no ions into the pore fluid
and in fact may leach ions from the sample. On the other hand use of groundwater may
allow the ion concentration in the pore fluid to remain at a constant such that there would
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be a larger concentration of salt in the pore fluid of the specimen prepared with
groundwater compared to those prepared with deionized water.
When Blenderized vs. hand disaggregation test results are compared the
blenderizing method of disaggregation using deionized water results in higher shear
strengths. Also, use of groundwater in the preparation process shows the hand
disaggregation method yields higher shear strength values. There could be slight
differences in the porosity that allows the hand disaggregated samples to gain more
strength when the composition of the pore fluid is held constant.
The average initial void ratio was used to compute the initial porosity of
specimens. The difference in porosity values for samples taken from Lewisville spillway
averaged 2.9%. The average initial porosity of samples taken from Hampton Pump
Station was 4.6%. The hand disaggregated samples in all of the specimen exhibited
lower initial porosity compared to the blenderized specimen. The low permeability of
remolded samples used in this study may not have allowed for those specimen prepared
with deionized water to fully leach salts in the pore fluid. The low activity values of the
samples could also indicate that these samples are not particularly susceptible to ions in
the pore fluid.
Normalizing the shear strength results with the particular confining pressure of
each test and plotting them against the activity values gives an idea of the scatter in the
data for each preparation method. This data is shown in Figure 25. Each set of data in
this Figure is enclosed with an oval to show its grouping. The tightest data sets coincide
with blenderized samples prepared with either water source when the activity is
considered. This indicates that the blenderizing method yields highly repeatable results
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compared to the hand disaggregated method. The range in normalized strengths is fairly
consistent.

Figure 25

Normalized strength versus Activity of all samples tested.
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CHAPTER VII
SENSITIVITY OF RESULTS FOR SLOPE STABILITY

Introduction
A slope stability analysis was performed using both the shear strengths derived
from this testing program and a published correlation, Stark (2005). The purpose of this
analysis was to investigate the effect of the shear strengths derived from the laboratory
testing program performed for this study on the factor of safety for slope stability. Nine
stability analyses were performed on two slopes. For one slope the Lewisville Spillway
data was used and for the other, the data from the Dallas Floodway at Hampton Pump
station was used. In all analyses the slope angle and pore water coefficient (ru=0.3) were
kept constant. As a result, only the shear strength envelope changed between analyses.
In making the analysis, a correlation was used (Equation 7, Wright (2007)) to
obtain the secant friction angle. Wright (2007) used this equation as a best fit for Starks
(2005) fully softened shear strength data. Correlation values of the secant friction value
were used to compare the effects of sample preparation on the factor of safety in the slope
stability analyses.

55.3°

16.7°

6°

(7)

where φsec is the secant friction angle, wLL is the liquid limit, σ’f is the effective normal
stress on the failure plane, and pa is atmospheric pressure, Wright (2007). All shear
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strengths were used in a slope stability program, Slope/W by GeoStudio. Material input
for the program consisted of tables relating shear and normal stress. Spencer’s method
was used during each analysis (Slope/W 2007). The search for the critical circle was
limited to a small region at the top and through the toe of the slope. This ensured each
analysis had the same critical circle and is also similar to slope failures in this material.
The slides attributed to fully softened shear strength due to weathering often pass through
the toe of the slope.
Slope stability analyses were also conducted using the infinite slope method.
Using a power function (relating shear strength to normal stress) defined by Lade (2010),
the factor of safety was calculated for different depths of weathering and range of slope
angles. This analysis was conducted using laboratory strengths from the Lewisville
Spillway samples. Figures showing the results of these analyses provide a quick
reference for the stability of slopes constructed in weathered shale.
Lewisville Spillway
The geometry of the slope used for the Lewisville Spillway slope stability
analysis consisted of a slope with a 3 horizontal to 1 vertical ratio. The height of the
slope was 30 ft. A soil pore pressure ratio of 0.3 and saturated unit weight of 120 pcf was
used which are typical for the region. Figure 26 shows the slope and failure plane in the
analysis of the Lewisville Spillway materials. This slope geometry is typical of highway
embankments and dam and levee side slopes in the east Texas region.
The shear strength relationships used for this analysis are shown in Figure 27.
The laboratory strengths, represented with a solid line, are plotted with the strengths
derived from Starks (2005) Equation 7. As seen in Figure 27, the laboratory strengths
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plot above those strengths derived from the correlation. These values are reasonably
close considering that the correlation is derived from a wide range of soils. On average
there is a 10% difference in the shear strengths. The smallest difference of 4% was for
the hand disaggregated sample prepared with deionized water (Figure 27c).

EFCS: Eagle Ford Clay Shale

Figure 26

Hypothetical slope used for the stability analysis utilizing the Lewisville
Spillway sample strengths.
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Figure 27

Shear strength relationships for Lewisville Spillway samples, (tested
strengths are plotted along with those derived from Starks Correlation.

Figure a. B/D, Figure b. B/GW, Figure c. H/D, Figure d. H/GW).
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Figure 27 (continued)

The results of the slope stability analyses are shown in Table11. The average
factor of safety calculated from the laboratory strengths is 1.35 and the average factor of
safety for the correlated strengths is 1.19. In this case using the laboratory strengths
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would have resulted in a slope that met the long term condition outlined in Corps of
Engineers Slope Stability manual (EM 1110-2-1906). The factor of safety recommended
in this EM for the drained condition is 1.3. Using the strengths derived from the
correlation relating clay fraction and liquid limit would not have met the criteria. Using
the correlation would be acceptable for an initial design but in this case would result in an
over-conservative design.
Table 11

Results of the slope stability analysis using the Lewisville Spillway samples.
Laboratory Strengths
Sample
B/D
B/GW
H/D
H/GW

1.44
1.36
1.25
1.33

Strengths from
Correlation
Factor of Safety
1.20
1.17
1.20
1.196

The results of this slope stability analysis show the sensitivity of the factor of
safety to shear strength. For laboratory results, the highest factor of safety (1.44) was
derived from the sample prepared with deionized water that was blenderized. The lowest
factor of safety (1.25) was obtained with the hand disaggregated sample prepared with
deionized water. All slope stability results obtained from testing site specific material
(shale and groundwater) indicated that the slope would be stable. On average, based on
lower factors of safety, the hand disaggregated samples would lead to the design of the
shallower slope, based on Corps of Engineers guidance.
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Dallas Floodway
A slope ratio of 2.5 horizontal to 1 vertical was used to evaluate the Dallas
Floodway Hampton Pump Station sample shear strengths. The height of the slope used
was 30 ft. A pore pressure ratio of 0.3 and the soil saturated unit weight of 120 pcf were
used. Figure 28 depicts the slope geometry and failure plane used for the Dallas
Floodway sample analysis.

EFCS: Eagle Ford Clay Shale
Figure 28

Hypothetical slope used for the stability analysis utilizing the Dallas
Floodway, Hampton Pump Station sample strengths.

Figure 29 shows the shear strength envelopes used for the Dallas Floodway slope
stability analyses. The dashed line represents the shear strengths derived from Starks
(2005) Equation 7. The solid line represents those strengths which resulted from the
laboratory testing results in the current investigation. The differences in shear strength
values range from 10-17%, which is a wider margin than the Lewisville Spillway
samples. The average difference in shear strength values was 11%. The laboratory
strengths resulted in higher shear strengths on average. The only instance where the
correlation strengths are higher is in the blenderized sample prepared with deionized
water. For normal strengths larger than 6000 psf, the correlation gives higher shear
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strength values than the laboratory data. These results are similar to the Lewisville
Spillway data, Figure 29b, which has the two strength envelopes crossing at a normal
stress of 9000 psf.
Results of the stability analysis for the Dallas Floodway samples are shown in
Table 12. The factor of safety of 1.35 was obtained for the slope based on samples
prepared with deionized water. The samples prepared with groundwater yielded the same
factors of safety of 1.27. The average factor of safety value for all materials tested was
1.31. All of the correlated strengths were lower, and the factors of safety ranged from
1.05 to 1.1 with an average value of 1.07. These results are similar to the results from the
stability analyses performed on the Lewisville Spillway samples. The more conservative
factors of safety values would result using the correlation strengths.
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Figure 29

Shear strength relationships used for the Hampton Pump Station sample
analysis, tested strengths are plotted against those derived from Starks
Correlation.

Figure a. B/D, Figure b. B/GW, Figure c. H/D, Figure d. H/GW.

66

Figure 298 (continued)
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Table 12

Results of the Slope Stability analysis using the Dallas Floodway, Hampton
Pump Station samples.
Laboratory Strengths
Sample
B/D
B/GW
H/D
H/GW

1.36
1.27
1.35
1.27

Strengths from
Correlation
Factor of Safety
1.06
1.04
1.10
1.09

Infinite Slope Analysis
An infinite slope analysis was conducted using Lade’s (2010) power function,
shown in Equation 8. This equation allows for the curved, effective strength failure
envelope to be modeled by a power function. The infinite slope analysis models the
shallower slope failures that occur in a weathered zone.

(8)
where a and b are dimensionless parameters, pa is the atmospheric pressure, σ’ if the
effective normal stress, and s is the shear strength (Lade 2010). The dimensionless
parameters a and b can be found by multiplying both sides of Equation 7 by log base 10
and plotting the data on a log-log scale. An example of the dimensionless parameter
derivation is shown in Figure 30.
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Figure 30

Derivation of dimensionless parameters a and b for Lewisville Spillway
sample, blenderized sample prepared with deionized water.

Once the dimensionless parameters are found the shear strength can be calculated
using the power function. Good agreement was found between the laboratory strengths
of this current study and shear strength from the power function, as seen in Figure 31.
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Figure 31

Comparison of Laboratory shear strengths to Lade’s (2010) power function
results.

Using the power function the factor of safety for the infinite slope is calculated
using Equation 9, Lade (2010).

∗

∗
∗ ∗

∗ ∗

∗

(9)

where γb and γsat are the buoyant and saturated weights, respectively, h is the vertical
distance from the slope surface, α is the slope angle. The a and b values are constants
derived from plotting the laboratory data. An assumption this analysis makes is that the
piezometric surface is at the ground surface of the analyzed slope. Another assumption is
that the interface between the weathered and un-weathered shale will yield the most
critical slip surface. Figure 32 illustrates these assumptions. During wet seasons these
assumption prove true but when the depth of weathering approaches the theoretical
maximum (Eq 1.2, Chapter 1) it may take an extreme storm event or series of storm
events for the wetting front to advance to those extreme depths.
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A saturated unit weight of 120 pcf was used during this analysis. The shear
strength relationship used was for the four samples taken from the Lewisville Spillway.
The slope angles investigated were: 2H:1V, 2.5H:1V, 3H:1V, 3.5H:1V, 4H:1V, and
4.5H:1V. The results of these analyses are shown in Figures 33 and 34.

Figure 32

Infinite slope assumptions

Figure 33

Infinite slope stability results using a power function for the Lewisville
Spillway

(samples prepared by blenderizing using either deionized (a) or groundwater (b)).
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Figure 34

Infinite slope stability results using a power function for the Lewisville
Spillway

(samples prepared by hand disaggregating using either deionized (a) or groundwater (b)).
The results of these analyses show the slope angle of 4H:1V and 4.5H:1V will
yield a factor of safety greater than unity for all of the preparation methods except for the
hand disaggregated sample prepared with deionized water. The hand disaggregated
samples prepared with deionized water has a factor of safety below one for a slope of
4H:1V with a depth of weathering reaching 15ft. The probability of this event happening
would be driven by a probability of the storm event or series of storm events happening
that could drive the wetting front to this depth. These figures are provided with intent of
showing the effects of weathering on the stability of slopes which would exhibit an
infinite slope type failure. For slopes shallower than 4H:1V the factor of safety falls
below unity at a much shallower depth of weathering, this increases the probability of an
infinite slope type of failure. The reason for the increased probability is because the
storm event that would drive the wetting front to this depth is much more likely because
of the shallower weathering depths.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations are structured to reflect the effect factors
addressed in the study have on tests used for soil classification and on measured and
correlated shear strengths. Factors included are:
1. EM 1110-2-1906, blenderized method of sample preparation.
2. ASTM D 4318-10, hand disaggregation method of sample preparation.
3. Sample preparation with site specific ground water
4. Sample preparation with deionized water.
Tests conducted on the prepared samples included Atterberg Limits (LL and PL), and
direct shear tests. These results are compared and analyses made of the effect on slope
stability factors of safety.
The blenderized method detailed in EM 1110-2-1906 represents the most
thorough method of material disaggregation and as such provides a high level of
repeatability of test results. This conclusion is based on the consistency test results shown
in Figure 25, which shows a tighter grouping for the blenderized data. This method is
recommended for preparing samples for soil classification. This is also the preferred
method if the results of consistency tests are going to be used with the correlations
applied in this study to estimate the fully softened shear strength.
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There is considerable scatter in the shear strength of hand disaggregated samples.
The conclusion is that this scatter is due to the lesser degree of disaggregation of the hand
disaggregation method.
The effect on shear strength of using ground water to prepare blenderized soil
samples was small. On the other hand, the shear strength of hand disaggregated samples
prepared with ground water showed an increase. However, based on the water chemical
analyses, the ion concentration of the ground water at both sites is low and the results
may differ for a ground water with higher ion concentrations.
There is little difference in shear strength between samples prepared with either
method of disaggregation and deionized water. Further research is needed to explore the
effects of soaking the blenderized samples in deionized water. It is anticipated that by
increasing the time of soaking as well as changing water change frequently, ions in the
pore fluid would be removed and lead to decreased shear strength.
Based on the Lewisville Spillway sample, shale having under gone significant
weathering in situ will already have experienced disaggregation. As a result, laboratory
preparation will have minimal effect on shear strength. The degree of weathering can be
evaluated by visual classification of the degree of weathering,
In application, the blenderizing method of disaggregation is recommended when
using empirical correlations. However, the hand disaggregation method may provide a
more direct representation of the soil fabric of in situ weathered shale.
The fully softened shear strength represents the lower bound of weathered
strength that can be expected in the field. With this in mind and for low risk structures,
the hand disaggregation method with site specific groundwater would give acceptable
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results. However, due to the expected variability, these results would not be useful in
providing data for future correlations, provided the samples are not already in a highly
weathered state when sampled. If the samples are highly weathered then this method
should provide results similar to the blenderizing technique. This was shown with the
testing results of the highly weathered Lewisville Spillway samples. It may be more cost
effective to use this method because it prevents the costly sampling of local groundwater.
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APPENDIX A
CLASSIFICATION TESTS

80

Sieve and Hydrometer Testing

Figure 35

Sieve and Hydrometer results, Lewisville Spillway prepared by
blenderizing with deionized water.
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Figure 36

Sieve and Hydrometer results, Lewisville Spillway, prepared by hand
dissagregating with deionized water.
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Figure 37

Sieve and Hydrometer results, Lewisville Outlet Works, prepared by
blenderizing with deionized water.
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Figure 38

Sieve and Hydrometer results, Lewisville Outlet Works, prepared by hand
disaggregating with deionized water.
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Figure 39

Sieve and Hydrometer results, Dallas Floodway Hampton Pump Station,
prepared by blenderizing with deionized water.

85

Figure 40

Sieve and Hydrometer results, Dallas Floodway Hampton Pump Station,
prepared by hand disaggregating with deionized water.
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Figure 41

Sieve and Hydrometer results, Dallas Floodway East/West Interceptor,
prepared by blenderizing with deionized water.
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Figure 42

Sieve and Hydrometer results, Dallas Floodway East/West Interceptor,
prepared by hand disaggregating with deionized water.
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APPENDIX B
LABORATORY SHEETS
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